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ABSTRACT 
Airborne  V i s i b l e  and I n f r a r e d  Imaging Spectrometer  
(AVIRIS) d a t a  c o l l e c t e d  over  a g e o l o g i c a l l y  d i v e r s e  f i e l d  
s i t e  and over  a nearby  c a l i b r a t i o n  s i te  were analyzed and 
i n t e r p r e t e d  i n  e f f o r t s  t o  document r a d i o m e t r i c  and 
geomet r i c  c h a r a c t e r i s t i c s  of  A V I R I S ,  q u a n t i f y  and c o r r e c t  
f o r  d e t r i m e n t a l  s enso r  phenomena, and e v a l u a t e  t h e  
u t i l i t y  of AVIRIS d a t a  f o r  d i s c r i m i n a t i n g  rock  types  and 
i d e n t i f y i n g  t h e i r  c o n s t i t u e n t  mineralogy. AVIRIS d a t a  
acqu i r ed  f o r  t h e s e  s t u d i e s  e x h i b i t  a v a r i e t y  of 
d e t r i m e n t a l  a r t i f a c t s  and have lower s igna l - to-noise  
r a t i o s  t h a n  expected i n  t h e  longer  wavelength bands. 
Art i facts  are both  i n h e r e n t  i n  t h e  image d a t a  and 
in t roduced  du r ing  ground process ing ,  b u t  most may be 
c o r r e c t e d  by a p p r o p r i a t e  process ing  techniques .  Poor 
s igna l - to-noise  c h a r a c t e r i s t i c s  of t h i s  AVIRIS d a t a  se t  
l i m i t e d  t h e  u s e f u l n e s s  of t h e  d a t a  f o r  l i t h o l o g i c  
d i s c r i m i n a t i o n  and mine ra l  i d e n t i f i c a t i o n .  Various d a t a  
c a l i b r a t i o n  t echn iques ,  based on f ie ld-acqui red  s p e c t r a l  
measurements,  were app l i ed  t o  the AVIKIS da ta .  Major 
a b s o r p t i o n  f e a t u r e s  of hydroxyl-bearing mine ra l s  were 
r e s o l v e d  i n  t h e  s p e c t r a  of t h e  c a l i b r a t e d  A V I R I S  d a t a ,  
and the presence  of hydroxyl-bearing mine ra l s  a t  t h e  
cor responding  ground l o c a t i o n s  was confirmed by f i e l d  
d a t a .  
INTRODUCTION 
The Airborne  V i s i b l e  and In f r a red  Imaging Spectrometer  (AVIRIS) 
i s  p o t e n t i a l l y  a powerful e a r t h  renote  sens ing  t o o l ,  and i t  may 
p r o v i d e  g e o l o g i s t s  w i th  t h e i r  most e f f e c t i v e  c a p a b i l i t y  y e t  t o  map 
P u b l i c a t i o n  au tho r i zed  by t h e  D i r e c t o r ,  U.S. Geologica l  Survey. 
Any use  of t r a d e  names and trademarks i n  t h i s  p u b l i c a t i o n  i s  
f o r  d e s c r i p t i v e  purposes  only  and does no t  c o n s t i t u t e  endorsement by 
t h e  U.S. Geologica l  Survey. 
* Work performed under U.S. Geological  Survey c o n t r a c t  
14-08-0001-22521. 
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l i t h o l o g i c  v a r i a t i o n  and determine rock  composi t ion from remotely 
sensed  d a t a .  However, i n  o r d e r  f o r  AVIRIS d a t a  t o  be a p p l i e d  most 
s u c c e s s f u l l y  i n  t h e  s o l u t i o n  of geo log ic  and o t h e r  i n t e r d i s c i p l i n a r y  
s c i e n t i f i c  problems, a v a r i e t y  of ins t rument  and d a t a  c h a r a c t e r i s t i c s  
must f i r s t  be determined and eva lua ted .  The rad iometry  and geometry 
of  AVIRIS d a t a  must be c h a r a c t e r i z e d ,  and t h e  in fo rma t ion  c o n t e n t  of 
t h e  d a t a  r e l a t i v e  t o  s p e c i f i c  i n t e r d i s c i p l i n a r y  measurement 
requi rements  must be determined. 
OBJECTIVES 
The o v e r a l l  goa l  of t h e s e  s t u d i e s  was t o  use t h e  a t t r i b u t e s  of 
t h e  s e l e c t e d  f i e l d  si tes t o  determine and e v a l u a t e  as many 
c h a r a c t e r i s t i c s  and c a p a b i l i t i e s  of AVIRIS as p o s s i b l e ,  p a r t i c u l a r l y  
as relate t o  geo log ic  a p p l i c a t i o n s  of AVIRIS d a t a .  S p e c i f i c  
o b j e c t i v e s  i d e n t i f i e d  a t  t h e  o u t s e t  were t o :  
- e v a l u a t e  r ad iomet r i c  f i d e l i t y  and s p e c t r a l  r e s o l u t i o n  
- document geometr ic  c h a r a c t e r i s t i c s  
- q u a n t i f y  d e t r i m e n t a l  s enso r  phenomena 
- e v a l u a t e  c a p a b i l i t i e s  t o  i d e n t i f y  c o n s t i t u e n t  mineralogy of 
- e v a l u a t e  e f f e c t s  of v e g e t a t i o n  on such c a p a b i l i t i e s  
- develop improved d a t a  products  f o r  i n t e r p r e t a t i o n  
d i v e r s e  r o c k  types  
FIELD SITE CHARACTEKISTICS 
The Drum Mountains i n  wes t -cent ra l  Utah were s e l e c t e d  as t h e  
pr imary f i e l d  s i t e  f o r  t h e s e  s t u d i e s  because good exposures  of many 
d i v e r s e  rock and a l t e r a t i o n  types  p re sen t  i n  an area of about 
25 squa re  lun make t h e  s i t e  p a r t i c u l a r l y  w e l l  s u i t e d  f o r  geo log ic  
e v a l u a t i o n  of AVIRIS d a t a .  Furthermore,  t h e  d e t a i l e d  geology of t h e  
a r e a  i s  w e l l  documented (Ba i l ey ,  1974; Lindsay,  1979) ,  and t h e r e  
e x i s t s  a v a r i e t y  of o t h e r  remotely sensed and ground-based d a t a  t h a t  
a l s o  c o n t r i b u t e  t o  a comprehensive e v a l u a t i o n  of A V I R I S  d a t a  (Ba i l ey  
and o t h e r s ,  1985). 
Rocks exposed i n  t h e  f i e l d  area i n c l u d e  a t h i c k  sequence of 
west-dipping Cambrian l imes tones ,  do lomi te s ,  and s h a l e s  t h a t  o v e r l i e s  
a n  even t h i c k e r ,  heterogeneous sequence of Cambrian and pre-Cambrian 
q u a r t z i t e  and a r g i l l i t e .  In t e rmed ia t e  t o  s i l i c i c  T e r t i a r y  v o l c a n i c  
rocks  occur  i n  f a u l t  c o n t a c t  w i th  t h e  sedimentary rocks  i n  t h e  
n o r t h e r n  p a r t  of t h e  area, and o l d e r  i n t e r m e d i a t e  t o  maf ic  T e r t i a r y  
v o l c a n i c  rocks o v e r l i e  t h e  sediments  on the w e s t  and south .  The 
v o l c a n i c  rocks have been hydro thermal ly  a l t e r e d  i n  p l a c e s ,  and some 
ca rbona te  rocks ad jacen t  t o  t h e  vo lcan ic s  have been bleached and 
r e c r y s t a l l i z e d .  A c o n t a c t  metamorphic a u r e o l e ,  which i s  c h a r a c t e r i z e d  
by development of calcsi l icate  m i n e r a l i z a t i o n  i n  l imes tone  and s h a l e  
u n i t s ,  occurs  i n  t h e  c e n t r a l  p a r t  of t h e  area. The a u r e o l e  i s  
a s s o c i a t e d  with the  i n t r u s i o n  of two small s tocks .  One of t h e  
i n t r u s i v e s  i s  a d i o r i t e  and is  e s s e n t i a l l y  u n a l t e r e d  where exoosed. 
The o t h e r  was probably a monzonite,  bu t  i t  h a s  undergone such i i t e n s e  
hydrothermal  a l t e r a t i o n  t h a t  t h e  o r i g i n a l  l i t h o l o g y  i s  u n c e r t a i n .  
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A second f i e l d  s i t e ,  l oca t ed  near Pavant But te  and approximately 
50 km south of t h e  primary s i t e ,  was used f o r  d a t a  c a l i b r a t i o n  
purposes.  It i s  cha rac t e r i zed  by r a the r  l a r g e ,  uniform, and 
topograph ica l ly  f l a t  occurrences of b l ack  volcanic  s o i l s ,  l i g h t  
buff-colored d r y  lake sediments,  and white  s a l t  c r u s t s .  
APPROACH TO DATA ANALYSIS AND INTERPRETATION 
Data Acqu i s i t i on  - 
AVIRIS d a t a  were acquired over the  two f i e l d  s i tes  near  s o l a r  
noon on September i8 ,  i987,  under cioud-free,  iow-haze atmospheric 
cond i t ions .  The d a t a  swath co l lec ted  over t he  c a l i b r a t i o n  s i t e  was 
almost p r e c i s e l y  t h a t  which was requested,  but  a d e v i a t i o n  of 
approximately 3 km over the  p r imary  s i te  r e s u l t e d  i n  t h e  exc lus ion  of 
geo log ic  t a r g e t s  i n  t h e  t h i c k  basal  q u a r t z i t e  and a r g i l l i t e  u n i t s .  
Concurrent wi th  t h e  AVIRIS f lyover ,  ground spectral  measurements 
of  t h e  l i g h t ,  i n t e rmed ia t e ,  and dark t a r g e t s  a t  t h e  Pavant But te  
c a l i b r a t i o n  s i t e  were c o l l e c t e d  using a Geophysical Environmental 
Research, Inc.  (GER) Infra-Xed I n t e l l i g e n t  Spectroradiometer  (IRIS).  
F i e l d  spectra of va r ious  rock  and s o i l  t a r g e t s  i n  t h e  primary Drum 
Plountains f i e l d  s i t e  were co l l ec t ed  using an IRIS on t h e  two days 
p r i o r  t o  the  A V I R I S  f lyover .  In  addi t ion ,  an ex tens ive  set  of ground 
s p e c t r a l  d a t a ,  inc luding  nea r ly  a l l  rock and a l t e r a t i o n  u n i t s  i n  t h e  
primary f i e l d  s i te ,  w a s  acquired during t h e  f i r s t  week i n  August 1988 
us ing  an I R I S  and the  Tor t ab le  Instantaneous Display and Analysis  
Spectrometer  (PIDAS). Se lec ted  f i e l d  s t a t i o n s  f lagged i n  August were 
reacqui red  i n  September as a mechanism f o r  r e l a t i n g  d a t a  c o l l e c t e d  
du r ing  t h e  two d i f f e r e n t  c o l l e c t i o n  e f f o r t s .  Surface s o i l  moisture  
cond i t ions  appeared t o  he uniformly dry  with t h e  p o s s i b l e  except ion  of 
a small number of s i tes  measured the day a f t e r  a thunderstorm t h a t  
occur red  dur ing  t h e  August f i e l d  e f f o r t .  However, e f f e c t s  of t h i s  
p o s s i b l e  v a r i a t i o n  are no t  ev ident  i n  t h e  da t a .  
Image Qual i ty  Analysis  and A r t i f a c t  Correc t ion  
Pre l iminary  a n a l y s i s  of t h i s  AVIRIS d a t a  set revea led  a v a r i e t y  
of  de t r imen ta l  d a t a  a r t i f a c t s  and noise ,  as w e l l  as a lower 
s ignal- to-noise  r a t i o  than expected i n  some of t h e  da ta .  
Consequently,  i n i t i a l  e f f o r t s  were devoted t o  i d e n t i f y i n g  and 
c o r r e c t i n g  a r t i f a c t s  t h a t  would hamper d a t a  a n a l y s i s  and 
i n t e r p r e t a t i o n .  These a r t i f a c t s  are  of two types:  t hose  t h a t  are 
i n h e r e n t  i n  t h e  AVIRIS f l i g h t  d a t a ,  and those  that are introduced 
du r ing  subsequent processing of the f l i g h t  da ta .  The inhe ren t  
a r t i f a c t s  are l i n e  drops ,  low output s i g n a l  f o r  i n d i v i d u a l  bands, and 
coherent  ( p e r i o d i c )  no ises .  
n o i s e s  i n  da rk  c u r r e n t  d a t a  used during c a l i b r a t i o n  and from spectral  
resampling t h a t  i s  performed t o  produce contiguous and evenly 
incremented wavelength bands from the o r i g i n a l  bands t h a t  ove r l ap  and 
have varying bandwidths. 
Processing a r t i f a c t s  o r i g i n a t e  from 
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The l i n e  drops and low output  bands i n  the  image d a t a  were 
c o r r e c t e d  by s t r a igh t fo rward  means. Bad l i n e  segments were rep laced  
by averaging ad jacent  l i n e s ,  and low output  bands were rep laced  by 
averaging adjacent bands. Table 1 l i s t s  t h e  A V I R I S  bands with low 
o u t p u t ,  as determined by observing da rk  c u r r e n t  l e v e l s .  
Coherent noise  p a t t e r n s  were t h e  most apparent  a r t i f a c t s  i n  t h e  
image da ta .  I n i t i a l l y ,  one band from each spectrometer  ( f i g .  1 )  was 
analyzed to  determine t h e  frequency and magnitude of t h e s e  noises .  
Due t o  t h e  prominence of no i se  i n  spectrometers  B and D,  d e t a i l e d  
Four i e r  ana lys i s  then w a s  performed on 32 bands from both t h e  B and 
D spectrometers .  Each band w a s  transformed i n d i v i d u a l l y ,  and the  
r e s u l t i n g  magnitudes were averaged f o r  each 32-band subse t  and used t o  
l o c a t e  noise  f requencies  ( f i g s .  2a and 2b). The fo l lowing  
obse rva t ions  were made: 
( 1 )  All components of t h e  coherent  no ises  occur  a t  very s p e c i f i c  
h o r i z o n t a l  f requencies .  
( 2 )  Many noise  p a t t e r n s  appear t o  be i n v a r i a n t  wi th  r e s p e c t  t o  
spec t rometer ,  and wi th  r e spec t  t o  channel w i th in  a spectrometer .  
( 3 )  The frequency components of t h e  no i se  can be ca tegor ized  as 
belonging to  one of two groups. The f i r s t  group i s  i n v a r i a n t  with 
r e s p e c t  t o  v e r t i c a l  frequency, appearing as a modulation between 
hor izon . ta l ly  ad jacent  p ixe l s .  Components of t h e  second no i se  
group exh ib i t  well-defined h o r i z o n t a l  harmonic r e l a t i o n s h i p s  and a 
weak time-dependent preference  f o r  c e r t a i n  v e r t i c a l  f requencies .  
These components i n t e r a c t  t o  produce t h e  "herringbone" p a t t e r n  
seen  i n  the image da ta .  
Table 1. Low output  AVIRIS bands. 
Fig. 1. LOCI magnitudes of sample bands fran each of the  four AVIRPS spectrmeters. 
Vertical axes correspond to horizontal  frequencies 
( 0  to 0.5 cycles/sample), and horizontal axes correspond 
to v e r t i c a l  frequencies (-0.5 to 0.5 cycles/l ine) . 
E is centered a t  the top. 
cycleslper line 
Loglo of the average magnitude of 32 consecutive bands 
frm spectrometer F3 (0.71 to  1.00 micrometers) . 
Hxizon ta l  frequencies are plotted ve r t i ca l ly ,  and 
v e r t i c a l  frequencies are plotted horizontally. 
Fig. 2a. 
113 
ORIGINAL PAGE 1s 
OF POOR QUALITY 
cycleslper line 
Fig. 2b. Loglo of t h e  average magnitude of 32 consecut ive  bands 
from spectrometer  D (2.11 t o  2.41 micrometers).  
Hor izonta l  f requencies  are p l o t t e d  v e r t i c a l l y ,  and 
v e r t i c a l  f requencies  are p l o t t e d  ho r i zon ta l ly .  
Some of t h e  major no ise  components were removed from the  d a t a  by 
us ing  "Gaussian notch" frequency f i l t e r s  (Moik, 1980). 
l i s t  of noise  f requencies  having the  c h a r a c t e r i s t i c s  of t h e  f i r s t  
noise group, and t a b l e  3 l i s t s  those belonging t o  t h e  second group. 
Table 2 i s  a 
Spec t ra l  resampling of AVIRIS images in t roduces  a "smearing" of 
in format ion  between ad jacent  bands. This i s  p a r t i c u l a r l y  troublesome 
when low output bands are present  i n  the  d a t a ,  because t h e  resampling 
process  causes these  bands t o  cor rupt  immediately ad jacen t  bands. To 
avoid t h i s  source of d a t a  degradat ion,  r a w  AVIRIS d a t a  used i n  d a t a  
a n a l y s i s  were processed without s p e c t r a l  resampling. 
A f i n a l  source of degrada t ion  i s  t h e  s u b t r a c t i o n  of da rk  c u r r e n t  
d a t a  from the image da ta .  
no i sy ,  and the dark  cu r ren t  no i se  from spectrometer  B exh ib i t ed  a 
pronounced p e r i o d i c i t y  wi th  components a t  0.11, 0.29, 0.31 and 0.42 
c y c l e s / l i n e .  Consequently, t hese  d a t a  were smoothed by a moving 
101-element averaging f i l t e r  (Reimer and o t h e r s ,  1987). This  
smoothing did n o t ,  however, take i n t o  account o f f s e t  d i s c o n t i n u i t i e s  
(Vane, 1987a). For the  Drum Mountains d a t a ,  t h e  l o c a t i o n s  of t h e s e  
d i s c o n t i n u i t i e s  were v i s u a l l y  i d e n t i f i e d ,  and t h e  da rk  c u r r e n t  d a t a  
were smoothed between these  l o c a t i o n s  only. 
The da rk  cu r ren t  d a t a  themselves were q u i t e  
The c h a r a c t e r i s t i c s  of " t o t a l  noise"  (not  a t tempt ing  t o  
d i f f e r e n t i a t e  between sys temat ic  and random no i ses )  were determined by 
measuring the s tandard  d e v i a t i o n  of t he  image over a uniformly b r i g h t  
and topographical ly  f l a t  hardpan t a r g e t  and over a nearby lake. 
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F i g u r e  3 p l o t s  t h e s e  measurements for  b o t h  t a r g e t s .  Three p o i n t s  can 
b e  made about t h i s  f i g u r e .  F i r s t ,  the  major i n f l u e n c e s  (assumed 
t o  be system n o i s e )  on t h e  s t a n d a r d  d e v i a t i o n  appear  t o  be p u r e l y  
a d d i t i v e ;  no s i g n i f i c a n t  dependence on t a r g e t  b r i g h t n e s s  i s  e v i d e n t .  
Table  2 .  P e r i o d i c  n o i s e  components t h a t  are i n v a r i a n t  
w i t h  ver t ica l  frequency. 
_ _  Horizont  a1 Ho r i zo n t a i  
f requency  Spec t rometer  f requency Spec t rometer  
(cyc!samp) (cyc/  s a w )  
--------____------------------------------.------------------ 
9.010 * BYD 0.361 B 
.030 * BYD .369 D 
.043 B .383 B 
.049 * BYD .387 BYD 
.064 B .402 B 
.148 D .408 D 
.168 D .412 BYD 
.201 B .430 D . 209 D .457 D 
.214 RYD .468 BYD 
.250 B .477 * A y B y C y D  + 
.289 B .480 * D 
.305 B .484 B 
.320 B .486 * BYD 
___----______-------_____I______________-------------------.- 
* I n d i c a t e s  prominant n o i s e  f e a t u r e .  
+ F i g u r e s  f o r  A and C spec t rometers  were determined from 
bands a t  0.554 and 1.61 micrometers,  r e s p e c t i v e l y .  
Table  3. P e r i o d i c  n o i s e  components e x h i b i t i n g  ve r t i ca l  
f requency  dependence. 
Hor i zont  a1 Vertical peak Vertical  peak 
f requency  f requency  (spec. R )  f requency ( s p e c .  D) 
( c y c l  samp ( c y c / l i n e )  ( c y c / l i n e )  
-------------------------------______________^_____--------.- 
0.004 
.016 
.018 
.025 
.035 * 
. lo5  * 
.176 * 
.246 * 
.316 * 
.326 + 
0.094 
.277 
.461 
-469 . 434 
-295 . 164 
-029 . 113 
0459 
---- 
-0 -457 
- .429 
- .295 
- .174 
- .033 
.113 
* I n d i c a t e s  e lement  of harmonic sequence ( a l l  
s p e c t r o m e t e r s ) .  
+ P o s s i b l e  a l i a s e d  element of harmonic sequence. 
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Fig. 3. Standard d e v i a t i o n  of r e f l e c t a n c e  f o r  spectrometer  D 
f o r  b r i g h t  ( a )  and da rk  ( b )  c a l i b r a t i o n  t a r g e t s .  
Second, t h e  "noisy" channel (196) a t  2.31 micrometers s t ands  out  
c l e a r l y .  
wavelengths i n  t h i s  range. 
Third, n o i s e  l e v e l s  i nc rease  r a p i d l y  a t  t h e  longer  
Signal-to-noise f i g u r e s  were computed based on "coe f f i c i en t s -o f -  
var iance"  (Simpson and o t h e r s ,  1960) measurements of t h e  hardpan 
t a r g e t .  
wavelengths as acqui red  by an IRIS, and these  d a t a  show t h a t  t h e  
hardpan approximates a 50-percent albedo t a r g e t  over t h i s  s p e c t r a l  
range. 
2.4 micrometers. 
t h e  coef f ic ien ts -of -var iance  method. The numbers g iven  i n  t h i s  p l o t  
a r e  gene ra l ly  lower than publ ished f i g u r e s  (Vane, 1987b), p a r t i c u l a r l y  
a t  t h e  longer wavelengths. 
Figure 4 p l o t s  t h e  r e f l e c t a n c e  of t h e  hardpan over  r e l e v a n t  
The curve r e f l e c t s  a f a l l - o f f  i n  s o l a r  i r r a d i a n c e  from 2.1 t o  
Figure 5 d e p i c t s  s ignal- to-noise  estimates based on 
Data Analysis  
Two approaches were used t o  eva lua te  t h e  a n a l y t i c a l  u t i l i t y  of 
AVIRIS d a t a .  The f i r s t  involved t h e  use of s tandard  image process ing  
and enhancement techniques ,  such as band r a t i o i n g ,  p r i n c i p a l  
components ana lys i s ,  and band averaging,  t o  gene ra t e  products  f o r  
v i s u a l  i n t e r p r e t a t i o n .  
spec t romet r ic  p r o p e r t i e s  of t h e  AVIRIS system us ing  t h e  S p e c t r a l  
Analys is  Manager (SPAM) sof tware  (Mazer and o t h e r s ,  1987) t o  
i n t e r r e l a t e  image s p e c t r a  t o  ground measurements. 
The second approach took  advantage of 
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Fig.  4 .  Percent  r e f l ec t ance  fo r  a b r i g h t  c a l i b r a t i o n  
t a r g e t  as measured w i t h  a f i e l d  spectrometer.  
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Criter ia  f o r  determining t h e  s p e c t r a l  performance of AVIRIS 
inc luded  the a b i l i t y  t o  d i s c r i m i n a t e  i r o n  oxide ,  hydroxyl-bearing , and 
carbonate  mineral  absorp t ion  f e a t u r e s  from image spec t r a .  Thus, the 
a n a l y s i s  addressed t h e  0.41-0.71 (spec t rometer  A ) ,  1.59-1.62 
(spectometer C ) ,  and 2.11-2.41 (spectrometer  D)  micrometer reg ions .  
I n  s p i t e  of the poor signal-to-noise c h a r a c t e r i s t i c s  of spectrometer  D 
d a t a ,  information e x t r a c t i o n  e f f o r t s  focused on d a t a  from t h a t  
spectrometer  because of hydroxyl-bearing and carbonate  minera l  
abso rp t ion  f e a t u r e s  of i n t e r e s t  i n  t h a t  r eg ion  of t h e  spectrum and 
because of i n t e r e s t  i n  determining what e f f e c t s  t h e  poor 
signal-to-noise c h a r a c t e r i s t i c s  had on informat ion  e x t r a c t i o n .  
Image products generated from d i g i t a l  p rocess ing  and enhancement 
techniques  appl ied  t o  AVIRIS d a t a  were g e n e r a l l y  d isappoin t ing .  I n  no 
case was an image produced t h a t  d i sp layed  t h e  d i s t r i b u t i o n  of i r o n  
oxide ,  hydroxyl-bearing, and carbonate  minera ls  wi th  as good c l a r i t y  
and d e t a i l  as  d i sp layed  i n  s i m i l a r l y  processed Landsat thematic  mapper 
d a t a  of t he  area. These r e s u l t s  were no t  s u r p r i s i n g ,  however, g iven  
t h e  measured s ignal- to-noise  r a t i o s  of spectrometer  D da t a .  Attempts 
t o  improve the  s ignal- to-noise  by computing multiple-band averages f o r  
c e r t a i n  hydroxyl f e a t u r e s  i n  t h e  2.2 micrometers r eg ion  m e t  wi th  
l i t t l e  apparent success ,  and they were l i k e w i s e  unsuccessfu l  f o r  
carbonate  f e a t u r e s  i n  the  2.31-2.35 micrometers range. The l a t t e r  
problem l i k e l y  was due t o  the  presence of a noisy  d e t e c t o r  a t  
2.31 micrometers and t o  t h e  g e n e r a l l y  low-albedo n a t u r e  of t h e  
carbonate  rocks i n  the  Drums Mountains. Due p r imar i ly  t o  h igher  
s ignal- to-noise  i n  the  A spec t rometer ,  good r e s u l t s  were achieved i n  
d i s p l a y i n g  i r o n  oxide d i s t r i b u t i o n  using approximations of TM band 
r a t i o  3/1. 
Resul t s  of  s t u d i e s  t o  relate AVIRIS image s p e c t r a  t o  ground and 
l a b o r a t o r y  spectral  ineasurements using SPAM sof tware  m e t  wi th  vary ing  
success .  Matching techniques implemented wi th in  SPAM and used f o r  
d a t a  c a l i b r a t i o n  i n  t h i s  approach included:  ( 1 )  f l a t  f i e l d  
c o r r e c t i o n s ,  ( 2 )  r e g r e s s i o n  ( "empir ica l  l i n e " ) ,  and ( 3 )  "equal energy" 
nonnal iza t ion  (Cone1 and o t h e r s ,  1987). The f l a t  f i e l d  c o r r e c t i o n  
used the  hard-pan t a r g e t  f o r  r e fe rence ,  whereas t h e  empi r i ca l  l i n e  
method used a l l  t h r e e  Pavant But te  c a l i b r a t i o n  t a r g e t s  as p o i n t s  on a 
ground r e f l e c t a n c e  versus  image d i g i t a l  counts  r eg res s ion  l i n e .  The 
t h i r d  method does n o t  r e q u i r e  use of an independent c a l i b r a t i o n  s i t e ,  
but  r a t h e r  involves  normal iza t ion  of primary s i te  t a r g e t  a lbedos t o  
determine empir ical  "air-to-ground" r e l a t i o n s h i p s .  
Several  f a c t o r s  must be considered when ana lyz ing  d a t a  c a l i b r a t e d  
by these  techniques.  F i r s t ,  the  poor s ignal- to-noise  c h a r a c t e r i s t i c s  
of t h e  D Spectrometer d i c t a t e d  use of s p e c t r a l  f i l t e r i n g .  
i l l u s t r a t e s  t h e  use of t h e  SPAM func t ion  FILTER wi th  and without  
weighted averaging. Note t h e  s p e c t r a l  s h i f t s  which can occur  as a 
r e s u l t  of t h i s  opera t ion .  Second, t h e  r e fe rence  areas i n  t h e  Pavant 
Bu t t e  scenes a r e  300 t o  600 meters lower i n  e l e v a t i o n  than  t h e  t a r g e t  
areas i n  the Drum Mountains, which poss ib ly  a f f e c t e d  t h e  r e s u l t s  from 
t h e  f i r s t  two nethods due t o  d i f f e r e n t  atmospheric pa th lengths .  
Thi rd ,  AVIRIS d a t a  were t runca ted  t o  8 b i t s  f o r  SPAM process ing ,  
a l though t h i s  probably had no impact on t h e  degraded d a t a  from 
Figure 6 
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Fig. 6. T e s t  p l o t s  of an asymmetrical spectral  f e a t u r e  and subsequent 
r e s u l t s  of t h e  SPM4 func t ion  FILTER. TEST 1 i s  t h e  r a w  d a t a ;  
TEST 2 i s  t h e  r e s u l t  from the box f i l t e r ;  TEST 3 i s  t h e  
r e s u l t  from t h e  weighted f i l t e r .  F i l t e r  s i z e  i s  3 i n  both 
cases. 
s p e c t r o n e t e r  D. F i n a l l y  t h e  empir ica l  l i n e  technique d iscussed  above 
w a s  implemented i n  SPAM using seve ra l  i n t e rmed ia t e  byte  v a r i a b l e s  t h a t  
in t roduced  a s u b s t a n t i a l  quan t i za t ion  e r r o r  i n t o  t h e  process.  
A f t e r  t he  d a t a  were c a l i b r a t e d ,  t a r g e t s  i n  the  Drum Mountains 
were used t o  assess t h e  ins t rument ' s  a b i l i t y  t o  provide d a t a  t h a t  would 
r e s o l v e  both hydroxyl-bearing and carbonate minera l  absorp t ion  
f e a t u r e s .  The a l t e r e d  i n t r u s i v e  w a s  used as t h e  primary hydroxyl- 
bear ing  t a r g e t  f o r  ana lys i s .  
A l l  t h r e e  c a l i b r a t i o n  techniques produced image spectra that  
r e so lved  t h e  major ground-measured hydroxyl f e a t u r e s ,  a l though t h e  
width and depth of t h e  f e a t u r e s  varied between t h e  d i f f e r e n t  
techniques  ( f i g .  7) .  The e m p i r i c a l  l i n e  method d i d  not  perform as 
w e l l  as t h e  o t h e r  methods, probably due t o  t h e  quan t i za t ion  e r r o r  and 
e l e v a t i o n  d i f f e r e n c e s .  I n  g e n e r a l ,  absorp t ion  f e a t u r e s  i n  t h e  AVIRIS 
s p e c t r a  appeared t o  be s h i f t e d  about 10 nm toward s h o r t e r  wavelengths 
compared t o  both IRIS and PIDAS spectra .  Once aga in ,  due t o  poor 
s igna l - to-noise  c h a r a c t e r i s t i c s ,  d i f f e r e n t  carbonate  f e a t u r e s  i n  t h e  
2.31-2.35 micrometer r eg ion  could not be reso lved .  
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Fig.  7. AVIRIS s p e c t r a l  curves f o r  a l t e r e d  i n t r u s i v e .  AVIKIS 
d a t a  were r ad iomet r i ca l ly  cor rec ted  without  spectral  
resampling; bad d a t a  channels  were rep laced;  and d a t a  
were s p e c t r a l l y  smoothed i n  SPAM using a 3-point 
weighted f i l t e r .  ADVN i s  a p l o t  of AVIRIS D N ' s ;  EEN 
i s  der ived from equal  energy normalizat ion;  FFC w a s  
e x t r a c t e d  a f t e r  f l a t - f i e l d  co r rec t ion ;  and ELM i s  a 
pre l iminary  r e s u l t  from A V I R I S  d a t a  c a l i b r a t e d  using 
t h e  empir ica l  l i n e  method. 
SUMMARY AND CONCLUSIONS 
These s t u d i e s  accomplished some, bu t  not  a l l ,  of t h e i r  o r i g i n a l  
ob jec t ives .  The rad iometr ic  c h a r a c t e r i s t i c s  of AVIRIS d a t a  acquired 
over t h e  Drum Nountains and Pavant But te  s i tes  have been documented, 
and procedures used t o  c o r r e c t  de t r imen ta l  a r t i f a c t s  i n  the  d a t a  have 
been described. However, o b j e c t i v e s  r e l a t e d  t o  geometric 
c h a r a c t e r i s t i c s  of AVIRIS are y e t  t o  be addressed. 
I n  genera l ,  d a t a  acquired by the  A and C spec t rometers  were of 
s u f f i c i e n t l y  good q u a l i t y  t o  i d e n t i f y  iron-oxide-bearing rocks. 
However, poor signal-to-noise c h a r a c t e r i s t i c s  i n  spectrometer  D 
l i m i t e d  the a b i l i t y  t o  d i sc r imina te  and i d e n t i f y  hydroxyl-bearing 
rocks  and minerals  and precluded d i f f e r e n t i a t i o n  of carbonate  
mine ra l s ,  p a r t i c u l a r l y  i n  images of AVIRIS da ta .  
f e a t u r e s  of hydroxyl-bearing minerals  were reso lved  i n  s p e c t r a  of r a w ,  
Major absorp t ion  
normalized, and ground-cal ibrated AVIRIS da ta .  Conclusive e v a l u a t i o n s  
of  AVIRIS d a t a  c a p a b i l i t i e s  f o r  l i t h o l o g i c  d i s c r i m i n a t i o n  and minera l  
i d e n t i f i c a t i o n  were no t  poss ib l e  from t h e  d a t a  set acquired.  Such 
e v a l u a t i o n s  should be p o s s i b l e  following r ecen t  improvements i n  t h e  
s ignal- to-noise  c h a r a c t e r i s t i c s  of spectrometer D and o t h e r  r e p a i r s  
made t o  t h e  AVIRIS system, and they w i l l  be made i f  a second d a t a  set 
is acquired over t h e  s tudy  sites. 
REFERENCES 
Bai ley ,  G. Bryan. 1974. The occurrence,  o r i g i n ,  and economic 
s i g n i f i c a n c e  of gold-bearing j a spe ro ids  i n  t h e  c e n t r a l  Drum 
Mountains, Utah. S tanford  Univers i ty  Ph.D. D i s s e r t a t i o n ,  300 pp. 
Bai ley ,  G. B., Dywer, J. L., and Podwysocki, M. H. 1985. Evalua t ion  
o f  Landsat Thematic Mapper da ta  f o r  geologic  mapping i n  semi-arid 
t e r r a i n s  (abs . ) .  In I n t e r n a t i o n a l  Symposium on Remote Sensing of 
Environment-Remote Sensing f o r  Explora t ion  Geology, Fourth 
Thematic Conference,  San Francisco,  C a l i f o r n i a ,  1985, 
Proceedings (Ann Arbor, Michigan: Environmental Research 
I n s t i t u t e  of Michigan), V. I, pp. 325-326. 
R. E. 1987. Airborne imaging spectrometer-2: radiometry and a 
comparison of methods f o r  the recovery of  ground r e f l e c t a n c e .  In 
Airborne Imaging Spectrometer Data Analysis  Workshop, Thi rd ,  
Proceedings (Pasadena, Cal i forn ia :  Jet  Propuls ion  
Laboratory 87-30, August 1987), pp. 18-47. 
rocks  i n  t h e  Thomas Range and northern Drum Mountains, Juab 
County, Utah. (Washington, D.C.: U.S. Geological  Survey) ,  
map 1-1176. 
Mazer, A. S . ,  Martin,  M., Lee, M., and Solomon, J. E. 1987. Image 
process ing  sof tware  f o r  imaging spectrometry.  In Imaging 
Spectroscopy 11, San Diego, Ca l i fo rn ia ,  August 1987, Proceedings,  
ed. Gregg Vane (Bellingham, Washington: SPIE), v. 834, 
pp. 136-139. 
images. NASA SP-431, pp. 25-26. 
Lee, M. 1957. AVIRIS ground data-processing system. In Imaging 
Spectroscopy 11, San Diego, Ca l i fo rn ia ,  August 1987, Proceedings,  
ed. Gregg Vane (Bellingham, Washington: SPIE), V. 834, 
pp. 79-90. 
Simpson, G. G.,  Roe, A., and Lewontin, R. C. 1960. Q u a n t i t a t i v e  
zoology ( N e w  York: Harcourt Brace), pp. 90-143. 
Vane, Gregg. 1987a. Personal  communication, January 1987. 
Vane, Gregg. 1987b. F i r s t  r e s u l t s  from the  Airborne V i s i b l e /  
I n f r a r e d  Imaging Spectrometer (AVIRIS). In  Imaging 
Spectroscopy 11, San Diego, Ca l i fo rn ia ,  August 1987, Proceedings,  
ed. Gregg Vane (Bellingham, Washington: SPIE), V. 834, 
pp. 166-174. 
Conel, J. E., Green, R. O., Vane, G., Rruegge, C. J., and Al ley ,  
Lindsey, D. L. 1979. Geologic map and cross -sec t ions  of T e r t i a r y  
Moik, Johannes G. 1980. D i g i t a l  processing of remotely sensed 
R e i m e r ,  J. H., Heyada, J. R., Carpenter,  S .  C., Deich, W. T. S., and 
121 
